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ABSTRACT

Standardised data representation is fundamental to the integrity, interoperability and reproducibility of immunogenetics and
histocompatibility testing. While well-established standards such as the genotype list (GL) String, histoimmunogenetics markup
language (HML) and minimum information for reporting next-generation sequence genotyping exist for encoding HLA genotyp-
ing results, no equivalent syntax currently exists for describing phenotype- or antigen-level information that underlies antibody
testing and immunological risk assessment. We introduce the phenotype list (PL) String grammar and the phenotype list string
code (PLSC) syntax, structured, machine-readable grammars designed to represent antigen- and protein-level data across three
contexts: (1) the HLA phenotype composition of assay reagents, (2) test results derived from those reagents and (3) clinical in-
terpretations of HLA antibody specificities. PL String extends the hierarchical logic of the GL String grammar, while adapting
a subset of GL String delimiters and rules to describe ambiguity, heterodimeric relationships and phenotypic composition. PL
String incorporates explicit namespace definitions (e.g., World Health Organization HLA Nomenclature Committee for Factors
of the HLA System, Organ Procurement and Transplantation Network, Eurotransplant and NMDP) to ensure traceability and
compatibility with existing regulatory and operational frameworks. By harmonising how HLA phenotypic and antibody data
are encoded, PL Strings enable automated data exchange between laboratories, registries and information systems, reducing
transcription errors and improving computational interpretation. This new grammar establishes a foundation for interoperable
representation of serologic and functional HLA data, facilitating reproducible research and enhancing clinical decision support
in transplantation and immunogenetics. Technical specifications for PL Strings and PLSCs are available at plstring.org.

Abbreviations: ET, eurotransplant; FHIR, fast healthcare interoperability resources; GL, genotype list; GLSC, genotype list string code; HAML, HLA antibody
markup language; HL, health level; HML, histoimmunogenetic markup language; JSON, javascript object notation; MAC, multiple allele code; OPTN, organ
procurement and transplantation network; PL, phenotype list; PLSC, phenotype list string code; SAB, single antigen bead; WHO, World Health Organization
nomenclature committee for factors of the HLA system.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
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1 | Introduction

Accurate and standardised representation of HLA data is a pre-
requisite for reliable data exchange and reproducible analysis,
both in clinical practice and immunogenetics research [1]. The
complexity and polymorphism of the HLA system [2] tremen-
dously benefit from unambiguous, machine-readable formats to
ensure data integrity, support interoperability between systems
and enable consistent interpretation across laboratories and
institutions.

Several such standards have been established for genotyping
in the immunogenetic context. Most notably, the genotype list
(GL) String format [3, 4] provides a structured grammar to
represent allelic and genotypic ambiguity in a consistent and
standardised manner. GL Strings are important components
of more detailed standards, such as GL String code [5], his-
toimmunogenetic markup language (HML) [6] and minimum
information for reporting next generation sequence genotyp-

ing [7].

However, a comparable standard is lacking for antigen-level
HLA data, particularly in contexts where the focus shifts from
genetic typing information to interpretation of serological
or functional data (e.g., HLA antibody profiling [8] and cell-
based immunologic assays [9]). To address this need, we intro-
duce the phenotype list string (PL String) format. PL Strings
encode data that describe the HLA phenotype composition of
reagents (e.g., cells or single antigen HLA proteins used in an-
tibody detection assays), results of testing using such reagents,
and clinical interpretations of such results (e.g., reporting of
lists of acceptable and unacceptable antigens). The PL String
syntax largely follows the GL String syntactic principles and
elements, while some aspects of the syntax have been adapted
to meet the semantic needs of phenotype- and antigen-focused
applications.

The PL String syntax has been developed in response to sev-
eral challenges. First, there is currently no structured, widely
adopted method for encoding lists of antigen-level HLA data.
Second, histocompatibility laboratories and vendors of antibody
assays differ in how they document HLA protein-based reagents
used for antibody screening [10, 11]. Interpretation results on
laboratory reports also vary in format, which complicates data
exchange between laboratories and application by transplant
programs, registries and allocation systems. This lack of HLA
antibody data standardisation hampers automated analysis and
increases the risk of misinterpretation when exchanging data
across platforms and institutions.

Although nomenclatures for HLA alleles and antigens have
existed for some time, their practical implementation in lab-
oratory and vendor reporting has been highly heterogeneous.
For example, an HLA-DP antigen may appear as DP105 in one
report, but this specificity may appear as DPB1¥105:01 or DP-
0402 (etrl.eurotransplant.org/resources/hla-tables/) in allo-
cation systems. An interpretation of antibody assay data that
identifies ‘84DEAV’ as an DPB1 unacceptable epitope may ap-
pear in a report of unacceptable antigens for the United States
Organ Procurement and Transplantation Network (OPTN)
systems, but other systems may not use this concept. Within a

single report, inconsistent use of prefixes, leading zeros or de-
limiters further complicates interpretation. For example, both
‘C2’ and ‘C02’ are used, and lists of alleles and antigens may
be separated by commas, spaces or both (e.g., ‘B7, B8’ versus
‘B7 B8’). Some laboratories may list a set of HLA specificities
using a mixture of antigen-level and non-standard molecular
HLA notations (e.g., a field labelled as ‘DR52’ in OPTN sys-
tems may contain ‘52°, ‘3*01’ and ‘3*03’ specificities). These
inconsistencies in reporting HLA specificities illustrate the
absence of both a shared grammar and a shared namespace
across systems.

In addition to inconsistent terminology, there are no estab-
lished standards for reporting ambiguity in assay definition
or interpretation at the protein or antigen levels. Ambiguity is
common in serologic or phenotype-based assays. For example,
when a serum analyte reacts with a set of phenotypic beads,
each containing multiple HLA proteins, or when allele-level
uncertainty is not resolved in the definition of a reagent or cell
(e.g., ‘DQBI*03:01/297’). Additional examples can be found
in UCLA Health's Cell Exchange [9] reports (www.uclah
ealth.org/departments/pathology/research/research-services/
immunogenetics-uic/services-and-pricing/reference-progr
ams/summary-reports/cell-exchange-summary/cell-excha
nge-summary-archive). Currently, laboratories use a variety
of ad hoc notations (e.g., slashes, commas or parentheses) to
indicate uncertainty, none of which are formally defined or
interoperable.

A similar gap exists for the representation of heterodimeric
HLA class IT molecules such as HLA-DQ, -DP or -DR, which
consist of paired a- and f-chains. Reports often describe
these in free-text form (e.g., ‘DQAI1*05:01 with DQBI1*02:01’)
or using vendor-specific symbols, making automated pars-
ing or comparison across systems challenging. Isolated
HLA-DQ heterodimer reactivity against an HLA class II
single antigen bead (SAB) may be represented on reports as
‘DQAI1*05:01 ~DQBI*02:01’, while other reports may represent
these heterodimers as ‘DQAI1*05:01/DQBI*02:01’, and many
information systems may not recognise HLA heterodimer
specificities at all.

Without a standardised format and syntax for HLA specificities
involved in antibody assays, human interpretation of HLA data
on reports remains necessary and interoperability between lab-
oratories, software tools and registries in clinical, operational
and research settings is severely limited.

It is important to note that the work described here, defining
a format and syntax, focuses exclusively on the grammar and
structure of data representation and not on revising or cor-
recting the underlying HLA namespaces (e.g., World Health
Organization HLA Nomenclature Committee for Factors of the
HLA System [WHO] [12], EuroTransplant [ET] [13], OPTN [14],
NMDP [15]) and nomenclatures (e.g., WHO molecular [hla.allel
es.org/pages/nomenclature/naming_alleles/], WHO antigen
[hla.alleles.org/pages/antigens/naming_hla_antigens/], NMDP
multiple allele codes (MACs) [hml.nmdp.org/MacUI/#/], het-
erodimer molecules and OPTN DPBI1 unacceptable epitopes)
themselves. While we acknowledge the existence of best prac-
tices concerning the use of leading zeros, asterisks and other
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naming conventions, such issues fall outside the scope of the
work described here. Accordingly, discussions on topics such as
expression level characters have been deliberately omitted.

The PL String grammar introduces explicit rules and delimiters
to encode both ambiguity and heterodimeric relationships in a
structured, standardised manner. By addressing these challenges,
PL Strings constitute a framework for harmonising HLA antibody
reporting, enabling better traceability and improved clinical deci-
sion support. The PL String syntax directly addresses these issues
by defining a clear, standardised syntax for representing HLA phe-
notypes, assay results and antibody specificities.

2 | Design Principles

The PL String grammar builds on the foundational grammatical
concepts established with the GL String grammar [4]. Both gram-
mars are structured to be unambiguous and comprehensive to real-
world use-cases while being human-readable, machine-parseable
and hierarchical, ensuring clarity for end-users and enabling auto-
mated processing and data integration. The guiding objective was
to develop a distinct, yet semantically aligned, string grammar that
addresses complementary use cases in the antigen-centric domain
of immunogenetics, be it for HLA or other genetic systems.

There are three distinct contexts for the use of the PL String
grammar:

1. Describing the phenotypic HLA antigen composition of a re-
agent or test system. This can include the antigens expressed
on a cell line, a bead set used in single-antigen assays or a
reference panel used in antibody screening. The PL Strings
enable the identification of the HLA antigens presented to
the immune system in the test context, independent of the
underlying genotype.

2. Describing a specific reagent or test applied to a particular
sample, and yielding a certain test result. To report such a
result, PL Strings can refer to the reagent name alongside a
‘positive’, ‘negative’ or ‘inconclusive’ qualifier, indicating the
sample’s reactivity against that HLA antigen composition.

3. Describing clinical interpretations made for HLA antibody
specificities in patient samples. PL Strings enable struc-
tured documentation of HLA antibody reactivity, with spe-
cificities considered present, acceptable or unacceptable.
Interpretations may integrate information on serological
reactivity from current and previous testing, clinical data
about the patient's disease or treatment, prior sensitisation
and previous transplants.

Although each PL String context addresses a distinct type of
data (biological composition of reagents versus clinical interpre-
tation of assays), they apply a shared grammar and notation to
promote consistency, flatten learning curves, make use of syn-
ergies and simplify implementation in laboratory information
systems and registries.

These distinct PL String contexts can be applied, in combination
with GL String, for patient care. Consider a patient searching for
a potential stem-cell donor. HLA genotyping and SAB assays are

performed to assess compatibility. The HLA genotyping assay re-
sult describes the patient's HLA genotype using a GL String. The
specificity of the antigens on the beads that comprise the SAB
panel is described using PL Strings. The patient's antibody spec-
ificities, determined by interpreting the results of SAB assays, are
also described using PL Strings. Potential stem-cell registry donors
who carry any of the patient's HLA unacceptable antigens (also de-
scribed using PL Strings) are excluded by default from the patient's
search and match report. The genotypes of donors acceptable for
that patient are described using GL Strings.

To address the requirements outlined above, it is essential to dif-
ferentiate between the fundamental components (‘atoms’) of a
PL String and the grammatical elements (‘delimiters’) that orga-
nise atoms into PL Strings. The atoms available for use within a
PL String are determined by the selection of a specific namespace
(Section 4.1), which defines the permissible elements. Examples of
such namespaces include protein-level HLA designations, as es-
tablished by the IPD-IMGT/HLA Database [16-18], and antigen
mappings as defined by ET or OPTN. The definition and main-
tenance of each namespace’s vocabulary fall under the exclusive
authority of the respective governing body. Importantly, the spec-
ification of PL String grammar does not encompass the definition
of these vocabularies; rather, it provides an explicit description of
the delimiters and their role in constructing valid PL Strings.

3 | Grammatical Atoms

3.1 | Supported Resolutions, Namespaces
and Nomenclatures

The PL String grammar can be applied in multiple contexts.
Examples include a single protein (e.g., A*01:01 or DRB1*08:07),
heterodimeric protein complexes (e.g., DPA1*01:03 ~ DPB1*06:01),
protein ambiguities described using MAC codes (e.g., A*02:AB),
broad antigens (e.g., A9) [19], antigen splits (e.g., A24) [19], asso-
ciated antigens (e.g., A2403), broad match determinants (e.g.,
DQAO5) and epitopes (e.g., Bw4). Nomenclatures that describe
peptides presented by specific HLA molecules (e.g., T-cell epitopes
[20]) or structural motifs of HLA proteins that present specific
peptides (e.g., T-cell epitope groups [21]) are not supported.

3.2 | String Delimiters and Precedence

As with GL Strings, PL String delimiters provide structural con-
text to the grammatical atoms in a string. Table 1 describes the
allowed delimiters for PL Strings and their applications, while
Table 2 contrasts the delimiters and their operations for PL and
GL Strings. Where the GL String grammar applies six delimit-
ers, the PL String grammar applies only four -+, /°, *~’ and ‘%’
Of these, the ‘%’ operator is unique to PL Strings and is applied
only to antigens, as detailed below. Each operator is evaluated in
the numerical precedence shown in Table 1.

3.3 | Basic PL String Rules

Given that PL Strings can represent phenotypes, but not geno-
types, they cannot identify a genetic locus, chromosomal phase,
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3of 10



TABLE1 | PL String delimiters.

Delimiter Operation  Context Precedence Example Additional information
+ AND All 1 DPA01+DPB0402 Multiple molecules are present on a bead.
A2+B7 Multiple reactivities are detected.
~ Heterodimer All 2 DPA1*01:03~DPB1*06:01  Only two elements can be linked by a ‘~’.
% Inclusive OR  Antigens 3 A2402%A2403 Logical ‘or’; non-exclusive,
meaning ‘either or both’.
/ Exclusive OR  Antigens 4 A0201/A0202 Exclusive ‘or’ (XOR), meaning ‘only one’.
Proteins A¥02:01/A%02:02 This delimiter's symbol and meaning

are identical in a PL or GL String.

Note: PL String delimiters are evaluated in the increasing numerical order shown in the precedence column. Delimiters can be applied in different application contexts,

as detailed in the context and additional information columns.

TABLE 2 | Application of GL and PL String delimiters.

Delimiter Name Operation GL String PL String
+ Plus sign AND YES YES
/ Forward slash Exclusive OR YES YES
~ Tilde AND describing either chromosomal phase (GL YES YES
String) or heterodimer membership (PL String)
% Percent sign Inclusive OR NO YES
n Caret AND (unphased individual loci) YES NO
| Pipe OR (genotypes) YES NO
? Question mark Locus ambiguity YES NO

Note: Ambiguity categories are represented via distinct delimiters in each of the ‘X’L String nomenclatures. In GL Strings and in PL Strings describing proteins,
ambiguity regarding the presence of a specific variant is denoted with the */’ delimiter, which indicates that only one of the variants in the slash-delimited string is
present. In PL Strings describing antigens, this ambiguity is denoted with the % delimiter, which indicates that any or all of the delimited variants may be present. The
GL String and PL String columns identify which operators are used in a given X’L String nomenclature.

the cis/trans relationships between variants, or a specific chro-
mosomal order of variants.

The PL String ‘4 operator is applied to describe the components
of assays and assay results, indicating that multiple molecules
are present on a bead or that multiple reactivities have been de-
tected in an assay.

The PL String ‘~’ operator identifies the elements of a het-
erodimeric protein, with no default or required order for
subunits. For example, DPB1*02:02~DPA1*01:04 and
DPA1*01:04~DPB1*02:02 are equally valid representations
of a specific DP heterodimer. This ordinal-freedom applies
to all PL String delimiters. The PL String ‘~’ operator can
only be flanked by the appropriate heterodimeric alpha and
beta subunits or antigens, as defined by the chosen name-
space and context (e.g., HLADQA1*05:01~HLA-DQB1*02:01,
SDQA05~DQ2).

The PL String ‘%’ and /° operators both indicate protein and an-
tigen ambiguity, but differ in whether both specified proteins
or antigens may be present. The ‘%’ operator indicates that ei-
ther one or both antigens may be present, for example in the
case of multiple HLA molecules on the same phenotypic bead.
In contrast, the PL String °/’ operator can be used to represent

ambiguity in the protein or antigen where the presence of both
proteins or antigens is not expected (e.g., antigens on a bead).

Detailed examples of PL Strings, applied in multiple contexts,
are provided in Table 3.

4 | PL String Codes

A GL String is extended to a GL String code (GLSC) by append-
ing identifiers for a gene family namespace and a code system
version, delimited with hashtag (‘#’) symbols. PL String codes
(PLSCs) are extensions of PL Strings that are similarly appended
with namespace and code system identifiers, delimited with #
symbols, as illustrated at plstring.org.

4.1 | PL String Code Namespaces

To ensure unambiguous interpretation and reproducibility,
each implementation of the PLSC syntax must clearly define
the namespace from which its identifiers are drawn. A name-
space represents the authority or organisation responsible for
maintaining a specific controlled nomenclature or code sys-
tem. Within the context of HLA-related data, namespaces may
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TABLE 3 | PL String examples.

Example Context PL String Description

HLA-A phenotype list with Reagent HLA-A*01:01/ HLA-A*02:01 is present.

ambiguous proteins HLA-A*01:02+HLA-A*02:01 Either HLA-A*01:01 or HLA-A*01:02 are
present, but both of them are not present.

HLA-A antibody list with Result HLA-A*01:01% HLA-A*02:01 is present HLA-A*01:01

ambiguous proteins

HLA antibody list with
OPTN antigen specificities

Multi-locus HLA antibody
list
Multi-locus HLA antibody

list with heterodimer
information

Multi-locus HLA antibody
list with heterodimer
information

HLA-A*01:02+HLA-A*02:01

A2+A68+A69+B57+B58

HLA-A*01:02+HLA-
A*02:01+HLA-B*07:02

HLA-DQA1*05:01~HLA-
DQB1*02:01% HLA-
DPA1*01:03~HLA-DPB1*04:02

HLA-DPA1*01:04~HLA-
DPB1*02:01% HLA-
DPA1*01:04~HLA-DPB1*04:02

HLA-DPA1*01:04~HLA-
DPB1*04:02% HLA-
DPA1*02:01~-HLA-DPB1*04:02%
HLA-DPA1*01:03~HLA-
DPB1*04:02

HLA-DPA1*01:04+HLA-
DPB1*04:01

HLA-DQA1*05:01~HLA-
DQB1*02:01+HLA-
DPA1*01:03~HLA-DPB1*04:02

HLA-DQA1*05:01~HLA-
DQB1*02:01/HLA-
DPA1*01:03~HLA-DPB1*04:02

HLA-DPA1*01:04~HLA-
DPB1*04:02/HLA-
DPA1*01:03~HLA-DPB1*04:02

and HLA-A*01:02 might both be present
or only one of them may be present.

Interpretation of antibody SAB data
yields a list of 5 antigen-level HLA
specificities defined in the OPTN
namespace, all of which are present.

All three, HLA-A*01:02, HLA-A*02:01,
and HLA-B*07:02 are present.

One or both of the heterodimers HLA-
DQA1*05:01~HLA-DQB1*02:01 and HLA-
DPA1*01:03~HLA-DPB1*04:02 are present.

One or two heterodimers are present,
HLA-DPA1*01:04 is always present;
the second constituent is either HLA-
DPB1*02:01 or HLA-DPB1*04:02.

A heterodimer, in which HLA-DPB1*04:02
is always present; the other constituent
is either HLA-DPA1*01:04, HLA-
DPA1%02:01 or HLA-DPA1*01:03.

Reactivity identified against two
distinct protein specificities, rather
than a heterodimer specificity.

Two heterodimers are present.

One of two heterodimers is present.

One of two heterodimers is present, both
include the HLA-DPB1*04:02 subunit.

Note: An example of an HLA phenotyping reagent and eight examples of antibody interpretation results are shown. The specific interpretation of the operators in each
PL String is provided in the description column. Operators are illustrated in green.

correspond to regulatory, registry or institutional frameworks
such as ET, NMDP, OPTN and WHO.

In addition to these four namespaces, any entity intending to de-
fine or extend a namespace must meet the following requirements:

1. Governance: The namespace must be maintained by a rec-
ognised organisation with a defined process for versioning,
updates and public accessibility.

2. Transparency: The namespace definitions, including ver-
sion identifiers and data sources, must be openly docu-

mented and traceable.

3. Compatibility: The namespace must adhere to the syntactic
and semantic rules of the PL String syntax to ensure inter-
operability with other defined namespaces.

4. Version control: Each namespace implementation should
reference a specific release version or date, following the
principles of the IPD-IMGT/HLA Database (www.ebi.ac.
uk/ipd/imgt/hla/release/).

The ET, NMDP, OPTN and WHO namespaces enable represen-
tation of phenotype and antibody data in a manner consistent
with existing regulatory and operational data exchange stan-
dards, as outlined and detailed below.

HLA, 2026
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« ET: Codes and mappings used in Eurotransplant antigens
and match determinants maintained by the ET Reference
Laboratory (etrl.eurotransplant.org/resources/hla-tables/)
[22]. The ET namespace is recorded as ‘et’ in PLSCs.

« NMDP: Antigen and allele code definitions maintained for
haematopoietic stem cell donor registries by NMDP https://
hml.nmdp.org/MacUI/#/. The NMDP namespace is re-
corded as ‘nmdp’ in PLSCs.

« OPTN: Codes and antigen mappings used in U.S. organ al-
location and virtual crossmatching (optn.transplant.hrsa.
gov/policies-bylaws/policies/). The OPTN namespace is re-
corded as ‘optn’ in PLSCs.

« WHO: The primary reference namespace for protein-level
HLA designations, maintained by WHO in the IPD-IMGT/
HLA Database (www.ebi.ac.uk/ipd/imgt/hla/). WHO pro-
vides authoritative, versioned definitions for HLA alleles
and their corresponding proteins, which serve as the foun-
dational vocabulary for PL String implementations at the
protein resolution level. The HLA namespace is recorded as
‘who’ in PLSCs.

Of the four namespaces discussed above, the HLA namespace de-
fines three levels of resolution relevant to PL String and PLSCs:
protein level, antigen level and associated antigen level. Each level
is detailed below. Application of PL Strings and PLSCs in these dif-
ferent contexts enables description of the reagents in an assay, the
results of that assay and assay interpretation in a clinical setting.

4.1.1 | Protein Level

As described by Marsh et al. [2], 2-field HLA allele names
should be used for reporting unique proteins at the amino
acid level. The allowed namespace is defined by the most re-
cent IPD/IMGT-HLA Database release. The HLA namespace
allows explicit inclusion or exclusion of the ‘HLA-’ prefix in 2-
field HLA assignments (e.g., ‘HLA-B*07:02’ and ‘B*07:02’ are
both allowed). Similarly, explicit inclusion or exclusion of ex-
pression variant suffices (A, C, L, N, S and Q) is also allowed
in the HLA namespace (e.g., ‘A*24:09’ and ‘A*24:09N’ are both
allowed).

4.1.2 | Antigen Level

Antigen categories predate molecular nomenclature and spec-
ify classes of HLA proteins that could readily be distinguished
using serological testing methods. Only antigen designations
published by WHO are allowed. Examples include B7, DR2,
Bw4, Bw6, Cw9 and DPw2.

4.1.3 | Associated Antigen Level

Associated antigens are more recently refined antigen catego-
ries that were named based on a specific protein exemplar (e.g.,
the A2403 associated antigen is derived from the two-field
WHO allele A*24:03) and represent classes of proteins that were
found to have similar reactivities against tested sera. The first

set of associated antigen designations were published by WHO
in 1991 [23], with more comprehensive sets of associated anti-
gens published by Osoegawa et al. [24-26]. An expanded des-
ignation of associated antigens was incorporated into the HLA
Nomenclature in 2026 [27]. Additional examples include B5102
and A-0265; in this latter case, the inclusion of a dash (=) in the
name of an associated antigen indicates that it has been pro-
posed, but not published as part of the WHO nomenclature.

4.2 | Implementation of PLSC in Communication
Formats

Use of PL String information in communications requires spe-
cific conventions to ensure that the information remains in-
terpretable, verifiable and interoperable across laboratories,
databases and clinical information systems. Within structured
exchange formats such as Health Level 7 (HL7) Fast Healthcare
Interoperability Resource (FHIR) [28] and HLA Antibody
Markup Language (HAML) [29] (github.com/immunomath/
haml), the PLSC syntax must be used to represent alleles, pro-
teins or antigens. This ensures that all identifiers are unambig-
uous, and that the reference database version can be identified
without dependence on external metadata, enabling machine
interpretation of PL String information over time. When multi-
ple namespaces are included in a single record, each PL String
code must specify the namespace it references. The mixing of
identifiers from different namespaces within a single string is
not permitted, as this would obscure provenance and semantic
clarity.

If a specific IPD-IMGT/HLA Database release version used for
encoding cannot be specified, a date corresponding to the day
the reagent was created, the results were produced or the inter-
pretation was executed must be provided. This date must not
refer to the date of sample collection or data export/extraction.
In circumstances where there are multiple dates of reagent cre-
ation, result production or interpretation, separate PLSCs must
be created for each date.

4.3 | Exchanging PLSCs on HL7 FHIR Data
Systems

The advent of PLSC enables the transmission of HLA phenotype
and antigen data across HL7 FHIR systems [28] as elements of
HL7 FHIR codable concepts. Laboratory results in HL7 FHIR
Observation resources are embedded in observation.valueCoda-
bleConcept elements as the codable concept, in which the PLSC
syntax is defined by the ‘plstring.org’ code system. HL7 FHIR
systems using valueCodableConcept elements can wrap the
PLSC in additional details of the code system and its associated
version. A javascript object notation (JSON) version of a valueC-
odableConcept is illustrated in Figure 1.

4.4 | Exchanging PLSCs Using HLA Antibody
Markup Language

PLSCs can also be exchanged as elements of HAML messages.
HAML, an electronic data format standard for reporting HLA
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antibody assay data and interpretation results, is currently under
development. HAML developmental version 0.5.3 allows the
transmission of PLSCs for the use cases described in Section 2.
In SAB assays, the specificity of a bead reagent can be described
in a HAML message as a PLSC, as illustrated in Figure 2.

Using human or computer-based interpretation methods, indi-
vidual beads are assessed for their reactivity against a specified

antigen. The combination of multiple reagent-specific reactivi-
ties is described in a PLSC representing positive or negative sam-
ple- or assay-level reactivity, as illustrated in Figure 3.

Finally, a PLSC can be applied as a clinical interpretation of an
assay's results, for example, when antigen reactivity is inter-
preted to determine suitability for transplant, or to specify con-
ditions for organ allocation. A PLSC specifying an ‘unacceptable

"valueCodeableConcept": {
"coding": [ {
"system": "https://plstring.org",
"version": ”1.0",
"code":"who#3.62.0#HLA-DQA1*05:01~HLA-DQB1*02:01%HLA-DPA1*01:03~HLA-DPB1*04:02"
H1
}

FIGURE1 | A phenotype list string code embedded in a compact JSON HL7 FHIR valueCodableConcept. In an HL7 FHIR message, the PLSC
(shown in bold) is encapsulated within valueCodableConcept and coding tags. These define the code system (plstring.org) and the code system ver-
sion (1.0).

<!--Bead 4 is an HLA-DQA1*05:01~HLA-DQB1*02:01. -->
<target-bead-observation>
<bead-info>
<bead-id>4</bead-id>
<bead-type>target</bead-type>
<HLA-target-type>who#3.62.0#HLA-DQA1*05:01~HLA-DQB1*02:01</HLA-target-type>
</bead-info>
<bead-raw-data>
<raw-MFI>1936</raw-MFI>
<bead-count>18</bead-count>
</bead-raw-data>

<l-- Interpretation from a Software tool -->
<bead-interpretation>
<bead-classification>Positive</bead-classification>
<mfi-threshold>500</mfi-threshold>
<classification-entity>Fusion Software Classification</classification-entity>
<interpretation-reason>Standard Threshold &lIt; 500 </interpretation-reason>
</bead-interpretation>

</target-bead-interpretation>

FIGURE 2 | A phenotype list string code embedded in a HAML target-bead-observation element. In the target-bead-observation element of a
HAML message, a PLSC (shown in bold) is encapsulated in an HLA-target-type element. The bead-raw-data and bead-interpretation elements identi-
fy pertinent assay and interpretation data for that specific bead. Contextual identifiers are included between the ‘<!--" and *-->’ comment delimiters.

<assay-interpretation>
<interpretation-context>Kidney Transplantation Workup</interpretation-context>
<interpretation-context-comment>This pre-transplant screen was performed 2 weeks before transplant to check if
they had developed antibodies due to a transfusion.</interpretation-context-comment>
<specificities>
<specificities-type>Positive</specificities-type>
<specificities-string>who#3.62.0#HLA-DQA1*05:01~HLA-DQB1*02:01+HLA-DPA1*01:03~HLA-DPB1*04:02
</specificities-string>
</specificities>
<specificities>
<specificities-type>Negative</specificities-type>
<specificities-string>who#3.62.04#HLA-DRB1*01:01
</specificities-string>
</specificities>
<reject-assay>false</reject-assay>
</assay-interpretation>

FIGURE 3 | Phenotype list string codes embedded in a HAML assay-interpretation element. Two PLSCs (shown in bold) are encapsulated in
specificities-string elements, nested within assay-interpretation and specificities elements of a HAML message. Both positive (present) and negative
(absent) antibody specificities for an assay interpretation are identified with PLSCs. Additional context for the assay interpretation is encapsulated
within interpretation-context and interpretation-context-comment elements.
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antigen’, indicating that this antigen should not be present on a
transplanted graft, is illustrated in Figure 4.

5 | Discussion

The PL String grammar and its implementation as a PL String code
establish a structural foundation that can accommodate future de-
velopments in immunogenetic data representation. Anticipated use
cases for PL String and PLSC are presented in Table 4. Although
the current specification focuses on protein- and antigen-level in-
formation, the syntax is inherently flexible and can be extended
to represent finer levels of molecular detail, once standardised no-
menclatures become available (e.g., for eplets and epitopes).

Beyond the classical HLA loci, the same grammatical princi-
ples can be applied to additional histocompatibility systems
such as ABO, MICA, MICB and the non-classical class I genes
HLA-E, HLA-F, HLA-G and HLA-H. These loci increasingly

<diagnostic-report>
<report-id>Report_3492034923</report-id>
<report-date>2025-11-01</report-date>
<l-- Patient-level clinical interpretation -->
<patient-antibody-profile>

<specificities>

feature in studies of transplant tolerance, immune modulation
and disease association, yet currently lack harmonised data
formats for phenotype or antigen reporting. Incorporating
these grammatical principles within the PL String framework
would provide a unified syntax for representing both classi-
cal and non-classical histocompatibility molecules, thereby
extending interoperability across broader immunogenetic
domains.

The PL String design anticipates the evolution of HLA data
standards toward greater molecular resolution. PL String's ex-
tensible structure ensures that future epitope-based or non-
classical histocompatibility systems can be encoded, exchanged
and interpreted using the same consistent grammar, preserv-
ing interoperability and backward compatibility with existing
HLA genotype and phenotype data standards. For example, the
HAML standard for representing and interpreting raw HLA an-
tibody assay data is under active development and will be de-
scribed in greater detail in future work.

<specificities-type>Unacceptable</specificities-type>

<specificities-string>who#3.62.0#HLA-DQA1*05:01~HLA~DQB1*02:01</specificities-string>

</specificities>
<patient-antibody-profile>

</diagnostic-report>

FIGURE 4 | A phenotype list string code embedded in a HAML diagnostic-report element. A PLSC (shown in bold) is encapsulated in the
specificities-string element within a diagnostic-report element of a HAML message, as part of a patient antibody profile. The specificities-type element

identifies this PLSC as Unacceptable for the patient for whom this clinical interpretation was performed.

TABLE 4 | PL String and PLSC use cases.

Use cases

Likely syntaxes

Comments

Single antigen bead (SAB)

Flow crossmatches

(Un)acceptable antigens

Complement dependent cytotoxicity
(CDC)

Protein-level

Reagent (donor HLA typing or phenotype)
paired with a positive/negative/
equivocal qualitative assay result for
T-cell and B-cell crossmatches

Mixture

Reagent (donor HLA typing or phenotype)
paired with a positive/negative/
equivocal qualitative assay result

Vendor worksheets indicate some
protein-level ambiguity in reagent
definition (DQBI%03:01/297)

Deceased donors often have
protein-level typing ambiguity;
HLA specificity typically cannot be
determined from this type of assay.

Current allocation system namespaces
include multiple categories of
syntactic atoms (antigens, two-
field alleles, epitopes).

Deceased donors often have
protein-level typing ambiguity;
HLA specificity typically cannot be
determined from this type of assay.

Note: PL String and PLSC uses cases and their associated syntactic interpretations are described in four distinct contexts, with caveats for their interpretations

provided in the comments column.

8 of 10

HLA, 2026



The namespaces for some HLA categories remain non-
standardised and lacking in naming conventions. For example,
eplet names may appear on reports issued by some histocom-
patibility laboratories, even though eplets are not yet used in
allocation systems. The ‘62RR’ eplet refers to a different set of
amino acid positions (62 and 65) than ‘62RN’ (62 and 63). Eplets
that are composed of sets of noncontiguous amino acid positions
are delimited by ‘“+’ (which is also a PL String delimiter with the
potential to confuse parsers), but these sets are not necessarily
listed in position order (e.g., ‘62QE+56G’ and 43Q+62GE’).
Further, the descriptions of eplet names sometimes include
parentheses that indicate certain additional positions may be
involved. For example, the eplet ‘193PL’ includes a postulated
position involved in antibody binding that is indicated in paren-
theses ‘193P194L(273S). To enable high fidelity integration of
eplet nomenclature into PL Strings and PLSCs, organisations
and teams that have governance over specific namespaces, such
as the HLA Eplet Registry (Www.epregistry.com.br) [30], should
take on the task of developing clearly defined syntaxes, naming
conventions and database versioning, and change management
schemes for their respective nomenclature systems.

The PL String format has the flexibility to support future name-
spaces whose syntax and nomenclature have not yet been de-
fined. For example, researchers in clinical immunology and
histocompatibility continue to develop assays for T-cell specific-
ities using reagents composed of HLA proteins in complex with
peptides. To communicate results for this category of assay data
in a standardised way, a nomenclature to describe HLA tetramer
reagent specificities and other assays involving HLA+peptide-
complex reagents is needed, and could apply many of the same
grammatical atoms from the existing namespaces described
here. A future nomenclature system for describing T-cell speci-
ficities based on integrated interpretation across multiple immu-
nologic assays and reagents has not been developed, but could be
of use for pre-transplant compatibility assessments and diagno-
sis of rejection after transplant in the future.

Aggregating HLA antibody data for multicenter or registry-
based studies has been logistically challenging due to incon-
sistency in reporting. Establishment of the PL String grammar
is the first step toward addressing the current environment, in
which tedious manual effort is required to organise datasets. We
envision a future where information systems that support HLA
data format standards incorporating PL Strings and PLSCs are
interoperable. Consistent data specification is a critical prereq-
uisite for development of computer-assisted analysis tools that
operate in a predictable and reproducible manner across assay
types and histocompatibility information system platforms. PL
String and PLSC will be made available for use through the col-
laboration of H&I researchers, clinicians, instrument manufac-
turers and software developers in future DaSH events, as was
accomplished for the development of HML. Incorporation of PL
Strings and PLSCs in research and laboratory information sys-
tems, as are GL Strings and GLSCs in HML, is the goal.

6 | Conclusions

PL String is a novel, compact, standardised grammar that rep-
resents the antigen-and protein-level information in antibody

assays and clinical interpretations. PL Strings and PLSCs com-
plement GL Strings and GLSCs, enabling structured exchange
of related phenotype and genotype data across laboratory and
healthcare systems, for example as paired valueCodableConcept
elements. As with GL String, the PL String grammar is agnos-
tic with respect to the transmitted immunological vocabulary,
ensuring its relevance for continually advancing nomenclatures
and future immunotherapeutic methodologies.
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